Emperipolesis of hematopoietic cells within megakaryocytes was found in rats. The incidence was less than 0.3% in young rats (2 to 12 months old) but increased to 2-5% among the aging rats (1 8 to 24 months old). The incidence increased markedly in hyperplastic bone marrow secondary to chronic suppurative or neoplastic lesions. Mature neutrophils appeared to be the most common marrow cell engulfed by megakaryocytes. By light microscopy, engulfed cells were separated from megakaryocyte cytoplasm by a narrow pencellular space. By electron microscopy, marrow cells engulfed by megakaryocytes were located in the open canalicular system. Cell membranes of both engulfed cells and megakaryocytes were intact, and there was no fusion of cell membranes or phagosome formation in the megakaryocytes.
Emperipolesis, a word of Greek derivation, was defined as "the active penetration of one cell by another which remains intact" by Humble et al. 4 It differs from phagocytosis in that an engulfed cell only temporarily exists within another cell and remains viable with intact normal structure. Emperipolesis has been recognized in association with human lymphocyte^,^ tumor cells, Sternberg-Reed cells, and r n e g a k a r y~c y t e s .~~~~~~~ Recently, Chiu2 described briefly the light microscopic observation of megakaryocytes containing marrow cells in rats that had been used for toxicity or chemical carcinogenicity testing. Under experimental conditions, megakaryoblasts or leukemic blast cells containing blood cells were observed incidentally in bone marrow of rats with experimentally induced-myelogenous leukemia. 6 Megakaryocytic emperipolesis was also observed in bone marrow of rats under experimentally induced-blood loss. l o Since little information is available about the diagnostic significance or ultrastructure of spontaneously occurring megakaryocytic emperipolesis in animals, ultrastructural observations of this phenomenon in the bone marrow of rats are described.
Materials and Methods

Animals
In addition to 435 male and 148 female rats (Crl : CDBR) from 2 to 12 months old, 456 male and 467 female rats between 18 and 24 months old were selected at random to study megakaryocytic emperipolesis. These rats were used in experiments to evaluate the safety of chemicals between 1980 and 1987 at Haskell Laboratory, but hematopoietic organs of these rats were not affected by any of the compounds tested. The rats were obtained from a commercial breeder (Charles River Breeding Laboratories, Wilmington, MA and Kingston, NY), were housed in suspended stainless steel cages, and were fed a basic diet of ground Purina Laboratory Chow (Ralston Purina Co., St. Louis, MO). Some rats also received 1% corn oil that was added as a vehicle in selected studies. Food and water were provided ad libitum in climate controlled rooms (23 ? 2 C, 50% f 20 relative humidity). Animal rooms were maintained on a timer-controlled, 12 hour light/l2 hour dark cycle.
Tissue preparation
After rats were killed by chloroform euthanasia, two sternebrae from each rat were obtained and fixed in Bouin's solution. Following decalcification, the tissues were embedded in paraffin. Two sternebrae were longitudinally sectioned at 5 pm and stained with hematoxylin and eosin. Bone marrow was obtained from the humerus in all rats and fixed in 10% neutral buffered formalin and processed for paraffin sections. The bone marrows from 22 rats were fixed in 3% glutaraldehyde for approximately 1 to 12 hours. They were rinsed in Millonig's phosphate buffer, post-fixed for 2 hours at 4 C in 1% osmium tetroxide, dehydrated in alcohol, and embedded in Epon. One pm sections were stained with toluidine blue and were used to locate areas for electron microscopy. Thin sections were cut using a Reichert-Jung U1tracut E microtome and stained with lead citrate and uranyl acetate. Sections were examined with a Zeiss 1 OCR electron microscope.
Results
Light microscopic findings
Megakaryocytic emperipolesis in bone marrow was found in healthy and diseased male and female rats. The incidence was relatively low (1 of 435 males and 148 females, respectively) in 2-to 12-month-old rats, but aging rats between 18 and 24 months old had a higher incidence (17 of 456 males and 21 of 467 females). The incidence was increased markedly in bone marrow showing granulocytic or erythropoietic cell hyperplasia. The hyperplastic bone marrow was often associated with skin ulcers, particularly on footpads and over mammary gland tumors. It was also observed with soft tissue tumors and other various types of neoplasms or chronic suppurative lesions in vital organs and tissues.
Different types of hematopoietic cells were engulfed within the cytoplasm of megakaryocytes. Engulfed cells were completely enclosed either in nucleated megakaryocytes or in anuclear cytoplasmic fragments. Mature neutrophils appeared to be the most common type of engulfed blood cell within megakaryocytes. Lymphocytes, monocytes, and other granulocytes were also engulfed by megakaryocytes. A single megakaryocyte occasionally contained two or three engulfed neutrophils, but occasionally contained more ( Fig. 1 ). The engulfed cells were demarcated from megakaryocyte cytoplasm by a clear pericellular space.
Electron microscopic findings
Megakaryocytes often were found in a perisinusoidal location covering the outer surface of the sinus endothelium. In the early stage of emperipolesis, hematopoietic cells were attached to large projections of agranular surface cytoplasm of megakaryocytes. Some cells were partially enclosed by extending cytoplasmic processes of megakaryocytes ( Fig. 2 ). There was no fusion between the membranes of the two processes and engulfed cells (Figs. 3, 4) . The engulfed cells were observed in the periphery of the megakaryocytes and were apparently more recently engulfed cells (Fig. 2 ). Engulfed cells were predominantly mature neutrophils although occasionally other granulocytes, lymphocytes, monocytes, and normoblasts were present.
Engulfed cells appeared to lie in the demarcation membrane system of the megakaryocytes (Fig. 2 ). The canalicular system enclosing engulfed cells opened directly to the hematopoietic compartments (Fig. 2) . The megakaryocyte membrane did not fuse with engulfed hematopoietic cells or form phagosomes. The cell membranes of both megakaryocytes and the engulfed hematopoietic cells were intact (Figs. 3, 4 ).
Discussion
The In several studies, the engulfment of hematopoietic cells by megakaryocytes was correlated with blood ~oss.~JO The emperipolesis of neutrophils was increased markedly in patients with autoimmune hemolytic anemia, myelosclerosis, iron-deficiency anemia and idiopathic thrombocytopenic p u~p u r a ,~ and blood loss due to cancer^.^^^ The incidence of megakaryocyte emperipolesis was markedly increased in aging rats that showed hematopoietic cell hyperplasia in the bone marrow. The hyperplastic bone marrow was associated with skin ulceration, especially on mammary tumors, foot-pad or soft tissue tumors and other various types of neoplastic lesions in vital organs and tissues. The hematopoietic cell hyperplasia appeared to be a secondary hyperplastic response to chronic blood loss and chronic inflammation. When megakaryocytes contained what appeared to be nuclear or cytoplasmic debris of engulfed hematopoietic cells, it was difficult to distinguish phagocytosis from emperipolesis within megakaryocytes by light microscopic examination. This apparent cellular debris corresponded to partially sectioned nuclei or cytoplasm of engulfed cells, since under electron microscopic examination the structure was normal. Our observations of increased incidence of megakaryocytic emperipolesis in aging rats showing a variety of non-neoplastic and neoplastic lesions are consistent with human clinical experience.
Blood cells that are produced in the hematopoietic compartments enter the circulation by crossing the walls of vascular sinuses. The sinus wall is therefore the barrier between hematopoietic cells and the blood. The wall of vascular sinuses in the bone marrow is lined with a continuous layer of endothelium, while the outer surface of endothelium is covered with discontinuous layers of adventitial cells. In experimentally induced conditions such as granulocytosis, acute blood loss or acute hemolysis, adventitial cells rapidly retract from the vicinity of endothelium, thereby permitting rapid passage of blood cells across the sinus walls.' In contrast, megakaryocytes do not appear to retract from the vicinity of sinus endothelium to facilitate fast passage of marrow cells in response to increased demand for cell delivery. It is possible, therefore, that the high demand for cell delivery may cause blood cells to take a transmegakaryocyte path to enter the blood circulation. l o In support of this concept, migrating cells pass through the cytoplasm of a single endothelial cell and not at the junction between two endothelial cells. It is not clear how blood loss can modulate the magnitude of emperipolesis of hematopoietic cells by megakaryocytes, but it is suggested that the phenomenon is related to cellular traffic across the marrow-blood barrier.'O One author suggested that an undefined insult to the marrow, increased megakaryocyte turnover or death, may contribute to neutrophil emperipolesis by megakaryocytes. 6 Since various malignancies are associated with emperipolesis of megakaryocytes, the phenomenon may be related to cell-mediated immunity and host-tumor relationship.' An important question is the diagnostic significance of megakaryocytic emperipolesis. Since megakaryocytic emperipolesis is frequently found in different clinical conditions, detection of megakaryocytic emperipolesis in bone marrow may not have any diagnostic significance.
The incidence of emperipolesis was thought to be related to increased numbers of megakaryocytes in different clinical conditiom8 Megakaryocytic emperipolesis was observed, however, in the presence of a reduced number of megakaryocytes and hematopoietic cells. 3 The phenomenon therefore cannot be totally explained on the basis of an increased rate of cell passage across the marrow-blood barrierL0 or an increased number of megakaryocytes.8 Morphologically, occasional megakaryocytic emperipolesis can be detected in the normal bone marrow. There was no evidence of cellular damage to the engulfed marrow cells or megakaryocytes. The hypotheses regarding increased turnover of megakaryocytes or the removal of cell debris by neutrophils from damaged megakaryocytes appears not to be the sole cause of emperipolesis. One proposed hypothesis is that the megakaryocyte cytoplasm might provide a "sanctuary" for normal granulocytes under an unfavorable bone marrow environment. 3 Other hypotheses suggest that emperipolesis is attributed simply to a random movement and adherence of cells to the megakaryo~ytes.~ None of these hypotheses plausibly explains the phenomenon of megakaryocytic emperipolesis seen in the bone marrow under the variety of physical conditions in which it has been described. More study is needed to elucidate the biological nature and diagnostic significance of megakaryocytic emperipolesis.
